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also been used as an analytical tool by chemists and mineralogists to detect the different polymorphs. [12] [13] [14] [15] [16] However, a complete characterization of all spectral peaks, in terms of both frequency and intensity, is rarely performed; the attribution of spectral features to specific modes remains a hard task, too. Previous simulations on the vibrational properties of carbonates have mainly focused on methodological aspects, 17 on the effect of cation substitutions on the infrared spectra, 18 and on the role of the vibrational contributions to the relative stability of polymorphs. 19 Some of the present authors have recently presented an accurate study on the infrared and Raman properties of aragonite, 10 and a similar one had been devoted 8 years ago to calcite 20 ; in both cases Raman intensities were not available.
The recent implementation of the calculation of Raman intensities in the CRYSTAL code 21, 22 permits the present study to achieve the main aims of reconstructing the full spectrum of the two compounds, and using the simulated data in the interpretation of the features of the experimental spectrum.
The paper is organized as follows: Section II is devoted to the description of the Raman experimental set up and of the examined samples. Section III presents the computational schemes adopted to perform the simulations. Results from theory and experiment are discussed and compared in Sections IV, V and VI. Section VII presents the main conclusions. 23 ; Figures and Tables in this   section are labelled with the "S" prefix.
Additional information is available as Supplementary Material

II. EXPERIMENTAL DETAILS
The dimensions of the aragonite single crystal are about 5×4×2 mm 3 along the a, b and focused on the sample via ×16 microscope objective (long working distance and 0.20 numerical aperture) with approximately 40 mW excitation power. The back-scattered Raman spectra were collected in confocal mode with a low numerical aperture objective to avoid optical artifacts. The Rayleigh scattering was removed by an edge filter and the Raman spectra were recorded between 90 and 1600 cm −1 with acquisition times of 5 minutes. The spectral resolution was around 1.3 cm −1 . The spectrometer was wavenumber calibrated using Raman Shift Frequency Standards (ASTM E 1840), so that the reported wavenumbers are accurate to less than 1 cm −1 of actual values. The Raman spectra were also intensity corrected for the effects of the beam splitter, the edge filter, the grating and the CCD detector response over the wavenumber range measured. The calibration was carried out with a calibrated QTH Source (Newport, Inc). This calibration permits quantitative comparison of spectral intensities obtained in different scattering orientations and allows measurements to be compared with theoretical predictions using a single scaling parameter.
The crystals were oriented along either a or b or c axes on the heating-cooling block of a
Linkam THMS600 variable temperature cell deposited at the center of a rotation stage. The spectra were collected at 300 and 80 K. We made careful adjustment of the rotation stage to ensure the focused laser overlapping with the rotation stage center. The polarized Raman measurements were performed using a polarizer for both cross and parallel configurations (i.e., with respect to the incident laser polarization vector) and referred to for the (100)
orientation as x(zz)x and x(yz)x respectively, according to Porto's notation 25 . The notation of the spectrum is described by four symbols, two inside parentheses and two outside.
The inside symbols are, left to right, the polarizations of the incident and scattered beams, while the letters preceding and following the parentheses indicate the respective propagation directions of the incident and scattered beams. The x, y and z cartesian axes, according to the current laboratory reference, were selected as the a, b and c axes of the orthorhombic crystallographic structure, respectively. Extreme cares (orientation of the crystals, polarization of the incident laser source) were taken to avoid leakage of unexpected modes.
The Origin 8.5 program (OriginLab, Northampton, MA) was used for spectral data manipulation and curve fitting. The bands were fitted using a pseudo-Voigt line shape (mixed Gaussian and Lorentzian) with a polynomial baseline correction and were optimized by a non-linear least-squares fitting algorithm consisting of four adjustable parameters per band (position, FWHM, intensity, and percent Lorentzian character).
III. COMPUTATIONAL METHODS
Calculations were performed by using an all-electron Gaussian-type basis set, the hy- Structures were optimized by using the total energy analytical energy gradients with respect to atomic coordinates and unit cell parameters [40] [41] [42] , within a quasi-Newton scheme combined with the BFGS algorithm for Hessian updating [43] [44] [45] [46] . Convergence was checked on both gradient components and nuclear displacements, for which the default values 28 were chosen.
The calculation of the vibrational frequencies ν 0 at the Γ point was performed within the harmonic approximation. The key quantity is the matrix H of the second derivatives of the total energy V with respect to the atomic cartesian coordinates u, which was constructed by numerical differentiation of the analytical gradient vector v:
where greek and latin indices refer to atoms and atomic cartesian coordinates, respectively.
Note that the calculated (optimized) equilibrium geometry is taken as a reference. The frequencies were then obtained as the eigenvectors of the mass-weighted Hessian matrix W at the Γ point:
where M α and M β are the masses of atoms α and β. No perturbation equations for the atomic displacements need to be solved.
For an oriented single crystal, the Raman integrated intensity II associated with the ij component of the Raman tensor χ = ∂α/∂Q of the n − th mode can be calculated as:
where V is the unit cell volume, α ij n is the polarizability component, Q n is the normal mode coordinate and the prefactor C gives the dependence on temperature T and frequency of laser ν L :
with the Bose occupancy factor being 1
For a powder polycrystalline sample, the Raman integrated intensity of the n − th mode can be obtained using the following formula:
where the terms G (k)
n are the rotational invariants defined through:
Conventions for the Raman tensor [53] [54] [55] in the case of calcite (space group 167) and aragonite (s.g. 62) are reported in Table I . For each computed dataset, integrated intensities are normalized so that the value for a selected reference mode is set to 1000.
A graphical representation of the calculated Raman spectra S(ν) was obtained as a superposition of pseudo-Voigt functions, one for each mode:
with:
where γ n is the full width at half maximum of the n − th mode peak and η n is the Lorentz factor. L (the Lorentzian function) represents the response of the system itself to light scattering, while G (the Gaussian function) reproduces the response of the experimental apparatus. The combination of the two profiles, described by the γ and η parameters, is an almost unique feature of a given experiment. For γ, values obtained from the experimental spectra were adopted, for better readability of the figures; they are reported in the following along with measured frequencies and integrated intensities. For η, a unique average value of 0.7 has been adopted for all spectra. S(ν) curves were evaluated in the range of 50-1650
Frequencies and Raman integrated intensities (here both generically indicated as x) have been analyzed according to the following statistical indices (M is the number of data in the set): mean absolute difference between the calculated and the experimental values
, percentage mean absolute difference relative to the average of the experimental data |∆|% =
Graphical animations of the normal modes are available at Refs. 56,57 so that the reader can directly interpret the "nature" of the mode (stretching, bending, rotation, translation, etc) in a simple and intuitive manner.
Manipulation and visualization of structures were performed with the Jmol 3D engine 58, 59 .
Data analysis was performed using the LibreOffice suite 60 and the Octave environment 61 .
Graphs were realized with the Gnuplot utility 62 .
IV. STRUCTURE AND SYMMETRY
The computed cell parameters for calcite are a = 5.038 and c = 17.325Å, with a 1.0 and 1.5 % overestimation, respectively, compared with the experimental data. In the case of aragonite, calculations yield 5.008, 8.029 and 5.861Å for the a, b and c axes, the differences with respect to the experiment being +0.9, +0.7 and +2.0 %. These discrepancies are typical for the adopted functional (see, for example, Ref. 35 ).
The rhombohedral primitive cell of calcite contains 2 CaCO 3 formula units, for a total of 10 atoms; its 27 vibrational modes can be classified according to the irreducible representations of the 3m point group as follows:
A 1g and E g (double degenerate) modes are Raman active, A 2u and E u (double degenerate)
are IR active, A 1u and A 2g are spectroscopically inactive (silent modes).
The orthorhombic cell of aragonite contains 4 formula units, i.e. 20 atoms; its 57 vibrational modes can be classified according to the irreducible representations of the mmm point group as follows:
, B 2g and B 3g modes are Raman active, B 1u , B 2u and B 3u are IR active, A u modes are silent.
V. POWDER POLYCRYSTALLINE DATA
Data for calcite and aragonite (at both 80 and 300 K) are reported in Tables II and III, respectively; the corresponding spectra are shown in Figures 1 and 2 . Note that on the computational side the effect of temperature has been taken into account for the Raman tensors (i.e. for the integrated intensities), not for the vibrational frequencies. For each dataset Raman integrated intensities are renormalized so that the value for a selected reference peak is set to 1000. Calculations at present do not provide values for the peak widths γ, so only the experimental values are given in the Tables, for sake of reference. As calculated and experimental Raman frequencies for these compounds have already been compared and discussed in previous studies by some of the present authors 10,20 , the present discussion will focus on Raman intensities and spectra. Finally, in the following and for sake of brevity integrated intensities will be simply referred to as intensities.
Calcite has 5 Raman active modes (Table II) If we compare results at 300 K with those at 80 K, for both compounds we observe an improved agreement for frequencies, whereas deviations from experimental intensities increase.
The fact that computed frequencies are closer to the room temperature rather than to the low temperature experimental values is likely related to the overestimation of the lattice parameters typical for the adopted Hamiltonian, which has been discussed in Section IV; such overestimation induces a general underestimation of the vibrational frequencies. Note also that, in the case of aragonite, at 300 K there are 2 more missing modes, due to superposition with more intense modes, which is in turn a consequence of the broadening of the peaks associated to the higher temperature.
As regards Raman intensities, a general overestimation of calculation with respect to experiment is observed, probably related to both uncertainties due to the experimental setup and approximations of the simulation. Concerning the latter aspect, basis set is the most likely source of discrepancy. For this study we adopted a high quality basis set for solid state calculations, whose accuracy in describing structure, vibrational frequencies and in- 
VI. SINGLE CRYSTAL DATA
In the following discussion, we will focus on the data at 80 K, to take advantage of the improved spectral resolution in the experiments. Data for calcite and aragonite are given in Tables IV and V, respectively; the corresponding spectra are shown in Figures 3 and 4 .
Single crystal data at 300 K are reported as Supplementary Information (Tables S1 and S2, Figures S1 and S2).
A. Calcite
Let us start discussing the 5 fundamental Raman modes of calcite (Table IV) . Concerning the frequencies, as reasonably expected the mean absolute and maximum deviations are very close to the values found in the case of the powder data: 4.6 and -11.1 cm −1 , respectively.
For single crystals, intensity data correspond to the elements of the Raman tensor of each mode (see also Table I ). In this respect, single crystal data show a worse quality than the powder ones: the percentage mean absolute deviation is as large as 64 %. The mean absolute deviation is 57; 7 out of 9 discrepancies are positive, resulting in a mean deviation of 36.
The maximum deviation is 172 and corresponds to the We now comment on two spectral features that are found in the experimental spectra but not in the computed data. They are two minor, but yet visible, peaks at 1067.4 and 1749.8 cm −1 . These peaks are observed only in the spectra corresponding to XX and ZZ polarizations, which implies they must have a A 1g symmetry (to observe the peak at 1749.8 cm −1 , see Figure S3 in the Supplementary Information units; in the former the two carbonates of the unit cell move in phase, in the latter they move in anti-phase.
B. Aragonite
Of the 30 fundamental Raman modes of aragonite (Table V) As for calcite, the mean absolute and the maximum deviations are very close to the values found in the case of the powder data: 7.7 and -24.9 cm −1 .
A look at the intensities indicates that single crystal data for aragonite have a slightly larger percentage mean absolute deviation, 31 %, than in the powder case (23 % Figure S4 ).
Despite the discrepancies described above for frequencies and, in particular, for intensities, the spectra for the various polarization directions are well characterized by the calculations, and clearly distinguished from each other. Indeed, for calcite the spectrum with a 2 + c Also in the case of aragonite, the computed spectra permit to clearly distinguish among different polarizations. There are three spectra involving modes with A g symmetry; they feature the contributions from Raman tensors elements a 2 , b 2 and c 2 , and are labeled as (a), (b) and (c), respectively in Figure 4 (as well as in Figure S4 in the Supplementary Information). The three corresponding computed spectra all have the most intense peak at 1095.3 cm −1 . Spectrum (a) has two relatively intense peaks at 161.9 and 862. and 278.5 cm −1 ).
VII. CONCLUSIONS
We have performed accurate ab initio calculations and experimental measurements of the Raman spectra of both calcite and aragonite phases of calcium carbonate.
The agreement between calculated and experimental frequencies is very good: the mean absolute deviation for calcite at 80 and 300 K is around 4 and 2 cm Overall, the agreement between the computed and measured spectra is quite satisfactory.
In particular, simulation permits to clearly distinguish between calcite and aragonite in the case of powder spectra, as well as among different polarization directions of each compound in the case of single crystal spectra.
The combined analysis permits to identify and characterize almost all the fundamental Raman peaks of the two compounds, with the exception of either modes with zero computed intensity or modes overlapping with more intense peaks. Two additional peaks have been identified in both calcite and aragonite. In the former case, they correspond to 18 O satellite mode and to an overtone, respectively. In the latter case, one peak has been assigned to a interplay between theory and experiment in analyzing and interpreting the infrared spectra of minerals. The detailed discussion presented in the current paper strengthens this argument, extending the synergistic action to the field of Raman spectroscopy.
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